The structural similarities recently discovered in distantly related proteins, beyond the twilight zone of sequential homology~15-25%!, bring us to the contemporary concept that the structure is more conserved than the sequence in protein evolution~Chothia & Lesk, 1987!. Many efforts have been devoted to direct comparisons of sequence~1D!-structure~3D!~Bowie et al ., 1990 , 1991 Hendlich et al., 1990; Sippl, 1990; Godzik et al., 1992; Jones et al., 1992; Bryant & Lawrence, 1993; Matsuo, 1993! and structure~3D!-structure~3D!~Taylor & Orengo, 1989; Holm & Sander, 1993; Murzin et al., 1995!, in place of conventional sequence comparisons~1D-1D!. The first method is especially promising for overcoming the imbalance between the amounts of structure data and sequence data available. In the methods, pseudo-energy functions, empirically derived from the structural database, are used to evaluate the 3D-1D compatibility.
The 3D-1D compatibility method can be applied to the structural prediction of new proteins, in a manner called "the forwardfolding protocol"~Kocher et al., 1994!, by searching the structure library with a query sequence whose structure is unknown~see the reviews and proceedings of the first~Lamer et al., 1995! and the second Asilomar meetings~Levitt, 1997; Marchler-Bauer et al., 1997!!. However, the reverse search, called "the inverse-folding protocol"~Kocher et al., 1994! where the sequence library is searched with a 3D structure, has not been very successful. There have only been a few attempts reported for this protocol~Bowie et al., 1991; Godzik et al., 1992; Ouzounis et al., 1993; Matsuo et al., 1995!. One of the main reasons for the difficulty is that the comparison of different sequences requires the comparison of different systems~Wodak & Rooman, 1993 !. The underlying problem was discussed in terms of the partition function by Rooman and Wodak~1995!, who addressed the question of what is a reasonable way~normalization! to make an effective potential that is valid in both protocols. This difficulty was also discussed in terms of the energy landscape~Godzik, 1995; Crippen, 1996!. We encountered a similar problem in the structural stability analyses of protein mutants. The potentials that are useful for the structural stability analyses would be promising candidates for the solution~Miyazawa & Jernigan, 1994; Ota et al., 1995; Gilis & Rooman, 1996 !, because these analyses contain the intrinsic problem to compare different systems. The structural stability of a protein is defined as the difference in the free energy between the folded and denatured states. The energy level of the folded state is given by the pseudo-energy calculation for a given structure, whereas the energy level of the denatured state is unknown. We assumed that the energy of the denatured state was simply the sum of the fixed single-residue energies, specific only to the amino acid type.
In other words, each residue was assumed to have its own energy level in the denatured state. This energy level was approximated to the mean energy, obtained by averaging over all of the residue sites of all of the 3D profile tables considered. As a result, subtraction of a fixed energy from each element in the original 3D profile provides a modified 3D profile, which represents the stabilized energy of the folded state in reference to the denatured state. This subtraction procedure is called a minus average operation: MAO. Using this treatment, a significant correlation was obtained between the resulting computations and the experimental data for a number of point mutations introduced into RNase HI~Ota et al., 1995!.
In a previous paper~Ota & Nishikawa, 1997!, the efficiency of pseudo-energy functions was evaluated with a new device, called the best-five test. In this test, the number of amino acids in the native sequence of a protein that fell within the top five positions in the fitness ranking at each residue site on a 3D profile table was counted and converted to the percentage~the best-five score!. The best-five test was applied to many kinds of definitions or modifications in pseudo-energy potentials to select the most effective set of potentials. Among the many options, the application of MAO resulted in a drastic improvement in the best-five score, especially in the side-chain packing energy~Ota & Nishikawa, 1997!.
The best-five test is useful because the results only depend on the pseudo-energy potential. However, the situation is more complicated in the actual 3D-1D compatibility search. The alignment algorithm or the scoring methods may greatly influence the abilitỹ Lamer et al., 1995; Wasthead et al., 1995; Marchler-Bauer et al., 1997!. One uses the double dynamic programming to align the sequence and the structure~Jones et al., 1992!, in which the pairwise potentials are considered free from approximations. On the other hand, the alignment of a sequence against a 3D profile~Bowie et al., 1991; Godzik et al., 1992; Ota & Nishikawa, 1997 ! is convenient to save computational time~Wilmanns & Eisenberg, 1993 Matsuo & Nishikawa, 1994!. When an optimal alignment is given, the alignment score~AL score! is simultaneously obtained. However, in the algorithm our group employed so far~Matsuo & Nishikawa, 1994!, the query sequence is threaded once again through the structure, according to the 3D-1D alignment, and the final score is re-calculated. This procedure is called re-mounting~RM!.
In the present paper, to compare the performance between the forward-and inverse-folding protocols, we have used the same basis for comparison~i.e., the same set of proteins to be searched as well as the same measure of assessment!. In each protocol, we will compare the efficiency of the potentials with and without the MAO adjustment, as well as two ways of obtaining the alignment score with and without the re-mounting~i.e., comparison of AL and RM scores above!. The present comparison reveals that the two protocols are not symmetrical at all with respect to these procedures.
Results and discussion

Protein samples
The proteins used in the study are listed in Table 1 . They were selected from the Protein Data Bank~PDB!~Bernstein et al., 1977! with the criteria that their structures were determined with high resolution~Յ2.5 Å! and their sequences are mutually dissimilar Ͻ30% sequence identity!. Table 1 contains 382 proteins, which are classified according to the SCOP database~Murzin et al., 1995!: 177 of them have at least one related protein that belongs to the same superfamily~as shown on the same row in Table 1!, and they  are classified into 51 superfamilies, while the rest of the proteins  are listed in the table legend . The amino acid sequence and the 3D structure of each one of these proteins, except for the 14 mentioned below, are used as the input in the following forward-and inversefolding tests. The 14 proteins that were excluded from the library each have more than 400 residues, and it may be easy to conduct a search of them because there are only a few long proteins available in the library. Methods of relatively long queries to shorter targets~ratios less than 80%! are also excluded from the answer matches. The data set to be searched with a query should be either the structural or the sequence library composed of all 382 proteins listed in Table 1 , depending on the type of tests performed.
Assessment of the performance
We have considered eight different search methods that are combinations of the three subjects to be verified in this study. First, we compared the ability of the inverse-folding protocol to that of the forward-folding protocol. Second, we examined whether the adjustment of the reference state in making the pseudo-energy function, called the minus average operation~MAO!, was really effective. Third, two alternative methods to get the final score, one~AL score! obtained directly from the 3D-1D alignment and the other RM score! obtained after re-mounting, were examined. A search method in combination of these three subjects: forward-and inversefolding~F0I!; using the MAO function or ordinal function~M0O!, and using RM score or AL score~R0A!, is designated with the acronym, e.g., FMA~forward-folding search using MAO and AL score!.
To assess the efficiency of both the forward0inverse protocols evenly, we employ a testing procedure, which is an extended version of the Sippl test~Hendlich et al., 1990 !. In the original Sippl test, a query sequence is threaded through every structure, without allowing gaps, to ask if the native sequence0structure match is the most compatible among the alternatives. In this study, what should be detected are all homologs of a given query protein, and insertions and deletions in the alignment are allowed, if necessary. Like the original Sippl test, the success of a search is judged by the position of the first false positive in the ranking. That is, if the first false positive appears at the N th position, then the N Ϫ 1 homologs at the higher positions are regarded as correctly recognized and the success ratio~the number of proteins correctly recognized0the number of homologs! is recorded. This procedure is called the collective discrimination test.
An example is shown in Table 2 . In a forward search with the 1hbg sequence~glycera globin; #22 in Table 1 ! as a query, employing MAO function and RM scoring~see above!, the compatible structures are ordered as 1hbg, 1mbd, 1gdj, etc. The first nonglobin structure is 1lpe~apolipoprotein E3!, which appeared at the 10 th position in the ranking. In this case, we scored the nine globins as correctly recognized, but 1cpcA~c-phycocyanin! was missed. As 12 globin-like proteins are counted in the data set Table 1!, the success ratio is 75%~9012!. In the same manner, the results of the inverse-folding search with the 1hbg structure as a query~employing MAO function and AL scoring! were assessed Table 2B !. In this example, the first false positive was found at position 9. The method detected eight homologs, and the success ratio was 67%~8012!. a If more than two proteins belong to the same family, its name was written on the right column. The superscript on the PDB code indicates the corresponding family. Other proteins included in the structural library are: 4aahA, 1aak, 2abk, 1abrB, 7acn, 2acq, 1ahsA, 1akl, 1alkA, 1alo, 1amg, 1amm, 1aorA, 2asr, 8atcA, 1axn, 2bbkH, 2bbkL, 1bmdA, 2bmhA, 1bnh, 1boy, 1bplA, 1bplB, 1can, 7catA, 1cde, 1cdh, 1cdwA, 1cewI, 1chd, 1chmA, 3chy, 1ciy, 1cmbA, 2cmd, 1colA, 1cpt, 1cseE, 1csh, 2cstA, 1ctm, 1ctn, 1ctt, 2cut, 2cwgA, 1daaA, 1deaA, 2dkb, 2dln, 1dnpA, 1doc, 1doi, 1dsbA, 1dtp, 1ecfB, 1ecmB, 1eft, 1efuB, 2end, 1esc, 1esl, 1eta1, 1eut, 1extA, 6fabH, 5fd1, 1febA, 1finB, 1fkb, 1fnb, 2fua, 1gal, 3gapA, 1gen, 1gln, 1glqA, 1gof, 3gpb, 1gpc, 1gpr, 1gsa, 2gstA, 1gtmA, 1gtqA, 1gym, 2hmqA, 1hnf, 1hsbA, 3hsc, 1htp, 1inp, 1jcv, 2kauA, 2kauB, 2kauC, 1knb, 1lam, 1lbu, 6ldh, 1lehA, 1lfaA, 1lis, 1lkkA, 1lpe, 1lte, 1lvl, 1mbb, 3mddA, 3mdsA, 1minB, 1mkaA, 1mla, 1mml, 2mnr, 1msaA, 2nadA, 1nbaA, 1ndh, 1nfkA, 1nhkR, 1nif, 1noa, 1npx, 2ohxA, 1oneA, 1oroA, 1otgA, 1oxa, 1oya, 1pamA, 1pbn, 1pdo, 2pec, 1pfkA, 2pgd, 1phb, 1php, 2phy, 2pia, 1pii, 2pii, 1plq, 3pmgA, 1pnf, 1pnt, 2polA, 1powA, 1ppi, 1prcC, 1prcH, 2pspA, 1pvdA, 1qba, 1qrdA, 1raaB, 1rblA, 1rcf, 1regX, 1rhd, 1rie, 1ris, 1rlr, 1rpl, 7rsa, 2rslC, 1rthA, 1rtm1, 3rubS, 1sceC, 1scs, 1scuA, 1scuB, 1sesA, 1sfe, 2sicI, 1smnA, 1smpI, 2sns, 2spcA, 1sriB, 2stv, 1svb, 6taa, 1tde, 1thv, 1tkbA, 8tlnE, 1tmcB, 2tmdA, 1tml, 1tndA, 1tpfA, 1tplA, 2tscA, 1tssA, 1ttqB, 1udg, 1vcaA, 1vhh, 1vhiA, 1vmoA, 1whi, 2wrpR, and 1xib. Alternatively, the results can be more simply assessed by the single-hit test, which asks only if the query hits one of its homologs~except the native protein! at the top of the ranking or not Defay & Cohen, 1996!. In Table 2A , since the most compatible non-native protein was 1mbd~sperm whale myoglobin!, we define that search as correct, regardless of the other rank positions. The success ratio is 100%~101!. Similarly, the most compatible sequence in Table 2B is 1thbB~hemoglobin, b-chain!; therefore, the search was also successful and the success ratio is 100%~101!. As shown in the denominators of the ratios, the former test can be applied to many samples~657 relationships!, but in the latter case, the number decreases to 155.
Forward-folding protocol
The results of the forward-folding search in the collective discrimination test are summarized on the left-hand side of Table 3 . The number of successes for each superfamily is shown along with the superfamily~SF! number, which is common to those in Table 1 . The six columns, FMR, FOR, etc., correspond to the six different algorithms examined. The best algorithm, with a success ratio of 44%, was FMR, which applied MAO adjustment and evaluated the score by re-mounting~RM!. If the RM score is replaced by the AL score~without re-mounting!, the ratio drops to 37%~see column FMA!. The difference is especially significant at the family level of the SCOP database: the RM scoring is about 15% better than the AL scoring. Regardless of whether the MAO adjustment was applied, the RM score is superior to the AL score in 12 superfamilies~# 7, 8, 10, 13, 15, 22, 27, 34, 38, 40, 46, and 49!, while , 6, 12, 17, 19, 20, 23 , and 41!. From these observations, we concluded that use of the RM score is more suitable in the forward-folding protocol than the AL score. On the other hand, only a slight difference was observed between the cases with or without the MAO~see columns FMR and FOR!. This was our expectation, because the forward-folding protocol is concerned with the same system~i.e., a single sequence, as already mentioned!. Thus the MAO only slightly affects the fold recognition. The same tendency was seen in the results of the single-hit test~Table 4!: FMR is better than FMA by 8%.
Inverse-folding protocol
The results of the inverse-folding searches in the collective discrimination test are shown on the right side of Table 3 . Comparing the RM scoring~columns IMR and IOR! with the AL scoring columns IMA and IOA!, the latter algorithms are significantly better than the former ones. The difference in the success rate is about 11%, indicating that more than 70 homologs correctly detected by the algorithm with the AL score were missed by that with the RM score. The AL scoring succeeded perfectly in native sequence recognition, whereas the RM scoring missed in more than five proteins. Also, the AL scoring worked well in sequence recognition at the family level, with a 20% higher success ratio as compared with the RM scoring. Regardless of whether the MAO was employed or not, the AL scoring commonly outperforms for 15 superfamilies: it correctly detects all of the query-homolog pairs commonly detected by the RM scoring, except for dihydrofolate reductase~i.e., the 3dfr~query!-1dyr~homolog! pair!.
To estimate the effects of the MAO adjustment, we compared the corresponding results of the functions with and without the MAO. Regardless of the AL0RM scorings, the MAO treatment works better by about 4.5% on average than the cases without it Table 3 !. For the 14 superfamilies, the former~IMA! outperforms the latter~IOA!, while for only three groups it is inferior to the latter. In summary, the adoption of the AL scoring and the MAO treatment is effective in the inverse-folding search. The same results are observed in the single-hit test~Table 4!. The AL scoring and the MAO treatment~IMA! increase the success ratio by 10% IMR! and 5%~IOA!, respectively. Figure 1 is the scatter plot of all of the query-homolog pairs used in the collective discrimination test, plotted against the standardized~SD! scores of the two protocols, FMR and IMA. The SD score was defined as the normalization of the raw scores with the average and the standard deviation obtained in individual scans of the data set. Since the original score is given as a pseudo-energy, larger negative values are better scores. Figure 1 shows a significant correlation between the two protocols: the correlation coefficient is 0.89 for all of the matches, or 0.65 for the homologs except the native matches!. Therefore, it implies that the difficulty or ease of detecting a particular sequence-structure pair is almost parallel for the two protocols. In other words, if the similarity of a protein pair is easily detected by the forward search method, the same would be true by the inverse method. However, the situation is somewhat complicated around the boundary region, indicated with the broken lines, where the first false positives may appear. Those pairs indicated with green circles were successfully detected 1  3  2  2  3  3  2  2  2  2  2  2  2  2  2  2 1  4  6  4  4  4  4  4  5  5  5  4  3  3  6  3  4  3  3  3  1  2  2  3  3  3  1  4  4  2  2  2  2  2  0  2  2  2  2  2  0  5  2 0  7  6  6  6  5  2  5  5  9  6  6  1  6  3  2  2  3  3  2  1  2  2  3  3  3  1  7  7 3  3  3  3  3  2  1  2  2  3  3  3  1  2 7  2  2  2  1  1  2  0  2  2  2  1  1  0  2 8  1 4  5  4  5  5  4  2  5  5  5  5  4  3  2 9  1 7  5  5  5  5  5  1  5  5  5  5  5  2  3 0  4  2  2  2  2  2  1  2  2  2  2  2  1  3 1  9  3  3  3  3  3  1  3  3  3  3  3  1  3 2  4  2  2  2  2  2  2  2  2  2  2  2  1  3 9  4  4  3  3  3  1  2  3  3  3  3  3  3 9  4  2  2  2  2  2  1  2  2  2  2  2  0  4 0  4  4  3  2  2  3  3  2  2  3  2  2  2  4 1  9  6  6  7  7  6  3  8  8  8  7  7  3  4 2  7  3  3  3  3  3  3  3  3  3  3  3  3  4 7  3  3  3  3  3  3  3  3  3  3  3  3  4 6  4  3  3  2  2  3  1  3  3  3  3  2  1  4 7  4  2  2  2  2  2  0  2  2  2  2  2  0  4 8  4  2  2  2  2  3  2  2  2  2  2  2  2 Table 1 . NR is the total number of relationships. Each method is described as follows: FMR, Forward folding search with the minus average operation~MAO! function and RM scoring~the score given by re-mounting the sequence on the structure!. FOR, Forward folding search by the ordinal function~not employing MAO! and RM scoring. in the forward protocol, but failed in the inverse protocol. In contrast, the red circles represent those only detected in the inverse protocol. There are more red circles than green ones, in accordance with the success rates in Table 3 .
Comparison of the two protocols
Efficiency of residue-pair potentials
The discrimination test may also be useful to examine which combination of the individual compatibility functions employed is the most efficient in the 3D-1D recognition. Especially, the residuepair potentials should be checked in their ability, because of claims that they are not as efficient as the single-body potentials~Alex-androv & Solovyev, 1996; Defay & Cohen, 1996 !. The evaluation function of our method contains two kinds of residue-pair interactions~i.e., side-chain packing and hydrogen bonding potentials!, in addition to two kinds of single-body potentials~i.e., hydration and local conformational potentials!. After removing all of the residue-pair terms, modified methods equipped with only the singlebody potentials~treated with the MAO adjustment! were prepared and applied to the collective discrimination test. The columns FNP and INP in Table 3 are the forward and inverse searches by the method, respectively. The results should be compared with those of the fully-equipped algorithms~i.e., FMR and IMA!. As already seen, the latter algorithms are the best in their respective protocols, and the methods with only the single-body potentials fared worse in the forward search by 3%~FMR, 44% vs. FNP, 41%!, and in the inverse search by 8%~IMA, 48% vs. INP, 40%!. The same tendency was also observed in the single-hit test~Table 4!. Furthermore, a much simpler method using the hydration potential alonẽ FH, IH!, as a mimic of the algorithm TOM_NOVAR~Defay & Cohen, 1996!, was tested. The performance of FH and IH was clearly inferior to FMR and IMA~Tables 3, 4!. These results indicate that the pairwise interactions are indispensable and play an important role in both protocols.
Discussion
The present study has directly compared two search methods, the forward-and inverse-folding protocols. The methods used the same sequence-structure compatibility functions previously developed Ota & Nishikawa, 1997!, although the modification of the potential functions with the MAO adjustment was optionally made, and the methods were applied to a search against the same data set. Assessment by the collective discrimination test showed asymmetric results for the two protocols. Better scores were obtained by the inverse protocol rather than the forward one. Around 40-45% accuracy level with the total trial number 657~Table 3!, above 3% difference is significant at 5% critical region according to Equation 1 in Materials and methods. This finding is noteworthy because the difficulty of the inverse-folding search has frequently been pointed out in the literature~Wodak & Rooman, 1993; Maiorov & Crippen, 1994; Crippen, 1996 !. Several possible reasons for this unexpected result can be raised.
First, the adjustment of the energy level among the different sequences is important and necessary for the inverse protocol. Otherwise, the protocol would not be effective, as shown in the comparison between the two algorithms with and without MAÕ compare IMA and IOA in Table 3 !. Second, the use of the 3D-1D compatibility score, estimated after a given sequence is re-mounted onto a structure, deteriorates the sensitivity of the inverse protocol compare IMR with IMA!. This was a new finding in the present study. The large improvement in the success ratio going from IMR to IMA, and the fact that the opposite is true in the forward casẽ FMR vs. FMA! suggest a rationale existing behind them. This point is discussed below. Third, the fact that the same data set was used in the tests for both protocols may be important. In actual Table 3 for the abbreviations of the methods. Fig. 1 . Correlation between the SD scores of the forward-and inversefolding protocols. The blue plus signs and circles indicate the matches between the natives and the homologs that were successfully detected by both protocols, respectively. The red and green circles are the matches detected by only the forward or the inverse-folding protocol, respectively. The yellow circles are the matches for which neither of them succeeded. Dashed lines indicate the average score of the appearance of the first false positives. The border lines between the homologs and the nonhomologs are around Ϫ2.6~in SD units! for the forward-folding protocol and Ϫ2.3 for the inverse-folding protocol.
applications, the forward search may be carried out for a structural library containing hundreds of known structures, whereas the inverse search is done for a sequence database containing tens of thousands of sequences. It should be more difficult to detect similar proteins in the latter case, because false positives may more easily occur. Fourth, the inverse search may have worked better than the other because all of the compatibility functions were improved by using the best-five test~Ota & Nishikawa, 1997!. The best-five test focuses on the native sequence, which is ranked at every residue site on the 3D profile table, so that it actually compares the native amino acids with other possible substitutes. This logic coincides with that of the inverse-folding, but only implicitly with that of the forward-folding protocols. Thus, it suggests that some other good testing method, specific to the forward-folding search, is also required to improve the protocol. The finding that treatment AL, rather than RM, to estimate the compatibility score, was better in the inverse search is somewhat puzzling. Thus far, it has been believed that re-mounting a query sequence onto a structure to get a final score is a good way to overcome the frozen approximation~Matsuo & Nishikawa, 1994!. This paradox seems to be related again with the issue concerning "the comparison of different systems, i.e., proteins of different sequences"~Wodak & Rooman, 1993!. The RM score depends solely on a sequence mounted on a structure. However, the AL score is a "hybrid," depending on both a sequence in question and the native sequence of a protein from which a 3D profile is derived, because the residue-pair potentials are calculated using both sequences in the frozen approximation. In the forward-folding search, as a single query sequence is mounted on various structures, it is reasonable to use the RM score to keep the system unchanged throughout the search. In the inverse-folding search, on the other hand, a single structure~actually a 3D profile, in our case! is compared with various sequences. Then, if the RM score is used, it would imply fully different systems being compared, but the use of the AL score would imply that "half a system" is always kept constant, due to the hybrid nature of the score. With respect to the preservation of a system, we could say that the latter is better, as the present results show.
The success of the inverse-folding search opens a new way to combine the two protocols in the structure prediction of proteins. First, a sequence database is scanned with a query structure in the inverse-folding protocol. The resulting list, sorted with the compatibility score, would contain a certain number of unknown proteins at the boundary between the homologs and the nonhomologs to the query. The boundary always seems to occur at around Ϫ2.5 in the standardized score~Fig. 1!, where the first false positive may also appear. These unknown proteins are good candidates for the structure prediction. Then, each of their sequences is fed into the forward-folding search to confirm the prediction.
The combined search method would be suitable for surveying the huge amount of protein sequence data now available, including genomic data. Thus far, more than a dozen complete genomes have been determined~e.g., see the WWW site, http:00www.ncbi.nlm. nih.gov0Entrez0Genome0org.html!, and their information has begun to be extracted~Tatusov et al., 1997!. In an elementary step, we must identify the proteins translated from ORFs. The initial identification is often carried out by the conventional sequence homology search, but some of the sequences usually remain unidentified. Sometimes, threading methods were used in these cases Fischer & Eisenberg, 1997; Rychlewski et al., 1998 !. The inversefolding search may be useful in the following situation: For some metabolic pathway, for example, in which an incomplete set of enzymes has been identified, we could believe that the full set of enzymes exists in the genome. If the 3D structures of the corresponding enzymes in other species were available, then the genome sequence could be scanned by the structures as queries. After the scanning, some plausible candidates could be selected and confirmed by the forward-folding search. Actually, in the genome of Methanococcus jannaschii, there are some enzymes that are essential in gluconeogenesis, but have not as yet been found~Bult et al., 1996!.
Materials and methods
Structural library
Three hundred and eighty-two structures constitute the structural library. These structures were chosen using the following criteria: resolution under 2.5 Å; monomer, dimer, trimer, or tetramer; more than 100 amino acids in length; no chain breaks; less than three incomplete side chains; lacking unknown amino acids; probably native protein; and mutually dissimilar so that their sequence identities are less than 30%. The selection of the structures that satisfy the conditions, except for the last one, was performed with our PDB browser, PDB Retriever~http:00www.ddbj. nig.ac.jp0PDBretriever0pdb_retriever.html!. Chain breaks were also judged using the PDB Retriever, by comparison between the sequence described in the PDB header and the sequence described in the coordinate data. NMR data, membrane proteins, and theoretical models were not used.
Pseudo-energy potentials
The pseudo-energy potentials employed here consist of four energy terms: side-chain packing, hydration, hydrogen-bonding, and local conformation~Ota & Nishikawa, 1997!. The division into these four terms is the same used in previous studies~Nishikawa & Matsuo, 1993; Matsuo & Nishikawa, 1994!: The side-chain packing function is a variation of the Sippl-type pairwise potential Sippl, 1990 !. The hydration potential is a single-residue function, depending on the number of backbone heavy atoms around the site in space. The hydrogen-bonding function was defined between a proton donor~oxygen! and acceptor~nitrogen! pair in the backbone atoms. The local-conformational function estimates the preference between a residue-type and the secondary structure-like features around its site along the chain.
3D-1D alignment
The 3D structure information of a protein can be translated into the 3D profile~Bowie et al., 1991!. The fitness score is evaluated with the pseudo-energy potentials by placing each of the 20 amino acid residues at a site. At that time, because pairwise potentials were contained in our pseudo-energies, the native sequence of the structure was assumed for the type of amino acid of the counterpart of the interacting residues, i.e., "the frozen approximation"~Godzik et Wilmanns & Eisenberg, 1993; Ota & Nishikawa, 1997 !. The 3D profile can be aligned with any sequence by adopting the standard dynamic programming method~Needleman & Wunsch, 1970!, with the appropriate gap penalties. The gap penalties are optimized empirically to attain the best results in each Feasibility of inverse protein folding method. The gap-opening penalty was almost always set between 2.4 to 4.8 kcal0mol, depending on the hydration environment around the sites, and the gap extension penalty was 0.4 kcal0mol. Gaps at the termini were not penalized.
Treatment of oligomeric structures
The 3D profiles of dimeric or oligomeric proteins were prepared in the following way: As the 3D profile of subunit A was calculated, the intermolecular interactions with subunits B, C, etc. were estimated together with the intramolecular interactions. To estimate the extent to which a site of A is buried in the protein or exposed to the water, heavy atoms among the other subunits were counted. In the counting of the intermolecular interactions of the pairwise term, half of their contribution was added to the total score, according to the frozen-approximation~Godzik et Wilmanns & Eisenberg, 1993; Ota & Nishikawa, 1997 !.
Searching methods
All of the search methods examined were performed with the jackknife procedure, where a query and its homologs at the family level were removed from the data set, and all of the parameters were re-calculated each time, using the rest of the data set. Several different search methods were assessed and are listed in the caption of Table 3 . Eight of them are combinations of the three subjects that were evaluated in this study and represented by the combinations of acronyms: Forward-and inverse-folding~F0I!, MAO function and ordinal function~M0O!, and RM score and AL scorẽ R0A!. Four other methods~FNP, FH, INP, and IH in Table 3 ! were also assessed to check the efficiency of the pairwise functions.
Statistical test
The statistical significance for a hypothesis is assessed by the probability that the value of a statistical function, such as the cumulative function of Gaussian, is as large as or exceeds a threshold. If the hypothesis is true, an observer who rejects it would make a mistake with that probability.
Each trial of the collective discrimination test would be well approximated as a simple coin toss, if the number of the homologs of a query is adequately smaller than the size of the library. The expected probability of a success number of an algorithm depends on the "true" success rate~p t ! and the number of the trials~N all !. The probability of the search of an algorithm succeeds as large as or more than N s times out of N all is calculated
where B~N all , k! is the binomial coefficient giving the number of ways of choosing k objects from a collection of N all objects. If E~N s ! is smaller than the critical region~e.g., 0.05!, the success of N s times hardly occur under the success rate p t . In this case, we can conclude the difference between the "true" success rate~p t ! and the "real" success rate~N s 0N all ! is significant.
WWW services
The program package developed in the present study was named "LIBRA," abbreviating "LIght Balance for Remote Analogous proteins." Predictions in either the forward-or inverse-folding protocols are now available via the National Institute of Genetics World Wide Web page at http:00www.ddbj.nig.ac.jp0htmls0E-mail0libra0 LIBRA_I.html.
